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I.  INTRODUCTION 


This  is  the  Annual  Progress  Report  for  Contract  No.  N000I4-8I--C- 
2495,  "Demonstration  of  SQUID  Parametric  Amplifier,"  covering  the 
period  from  14  September  1 98 1  through  14  September  1982.  The  objectives 
of  this  project  are  the  development  and  demonstration  of  a  low  noise 
SQUID  microwave  parametric  amplifier.  These  objectives  were  met  during 
this  year  by  addressing  SQUID  amplifier  design,  circuit  fabrication, 
measurements,  and  noise  analysis. 
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2. 


WORK  PLAN 


This  is  a  new  contract  for  development  and  demonstration  of  a  low 
noise  Superconducting  Quantum  Interference  Device  (SQUID)  parametric 
amplifier  at  microwave  frequencies.  The  focus  of  this  contract  is  the 
invest igat ion  and  demonstration  of  a  SQUID  negative  resistance  amplifier 
at  X-band.  A  SQUID  array  is  then  projected  to  increase  the  available 
power  and  operating  impedance.  The  approach  adopted  utilizes  monolithic 
superconducting  integrated  circuits  which  were  designed,  fabricated,  and 
tested  at  TRW 

Three  tasks  were  undertaken  in  the  first  year: 

Task  1.  Amplifier  design  and  fabrication. 

Task  2.  Measurements, 

Task  3.  Noise  analysis. 

A  number  of  the  steps  are  very  similar  to  those  required  for  a  contract 
with  the  Office  of  Naval  Research,  "Application  of  Josephson  Junction 
SQUIDs  and  Arrays."  Such  steps  are  carried  out  jointly,  and  are  reported 
to  both  agencies.  TRW  is  also  conducting  Independent  Research  and 
Development  on  Advanced  Josephson  Devices.  That  research  is  principally 
concerned  with  developing  Josephson  integrated  circuit  fabrication 
capability.  Some  of  the  activities  of  that  project  impact  on  this  contract 
and  are  discussed  here. 
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3.  PROGRESS 

3. I  Transformer  Design 

Since  the  SQUID  paramp  is  necessarily  a  very  low  impedance  device, 
a  suitable  transformer  is  an  essential  ingredient  for  evaluating  the 
basic  device,  particularly  with  respect  to  available  power.  In  order 
to  carry  out  this  transformation  in  both  impedance  and  dimension  in  a 
reproducible  and  predictable  manner,  the  transformer  is  integrated  with 
the  active  circuitry  in  a  monolithic  fashion. 

The  basic  architecture  of  the  transformer  was  presented  in  the 
contract  proposal.  We  have  refined  the  design  for  the  TRW  fabrication 
process  and  reconsidered  the  problems  of  launching  from  50ft  coaxial 
cable  into  50ft  coplanar  line,  dimensional  step  from  1  mm  coplanar  line 
at  50ft,  and  construction  of  capacitors  in  the  lumped  element  impedance 
transformer.  The  electrical  design  was  optimized  numerically  using 
COMPACT  with  a  computed  VSWR  <  1.25  over  the  8-12  GHz  band  (Figure  1). 
Figure  2  shows  the  equivalent  electrical  circuit  and  the  geometrical 
layout . 

A  test  of  the  effect  of  changing  dimensions  in  50ft  coplanar  line 
was  performed  by  fabricating  three  50 ft  transmission  lines:  a  continuous 
coplanar  line  at  mm  dimensions,  a  sharply  stepped  coplanar  line,  and  a 
short,  tapered  transition  as  shown  in  Figure  3-  The  measured  performance 
showed  no  significant  differences  between  the  three  lines.  Therefore, 
the  input  LC  circuit  in  the  transformer  intended  to  tune  out  the  inductance 
of  the  step  in  the  coplanar  line  was  deleted. 

The  transformer  was  designed  to  be  fabricated  on  a  2  inch  silicon 
wafer  0.015  in.  thick  with  a  minimum  line  width  of  50pm.  An  OSM  micro- 
wave  launcher  drives  the  50ft  coplanar  line  which  has  a  center  conductor 
width  equal  to  1.3  mm,  a  ground  plane  spacing  of  0.4  mm,  and  an  effective 
dielectric  constant  of  4.4.  The  coplanar  line  is  tapered  at  50ft  to  a 
center  conductor  width  of  50pm,  ground  plane  spacing  of  30pm,  and  an 
effective  dielectric  constant  of  6.4.  The  reduction  in  e  and  its 


3 


•W  T 


Figure  1.  Computed  VSWR  of  the  optimize. 

design  of  the  509  to  trans 


Figure  3.  Photograph  of  the  3012  coplanar  lines 
used  to  test  dimensional  changes. 
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dependence  on  linewidth  results  from  the  finite  thickness  of  the  Si 
substrate.  The  microstrip  in  the  transformer  is  50pm  wide  and 
separated  from  the  Nb  ground  plane  by  50nm  Nb^O^  and  200  nm  SiO. 

It  has  an  effective  e  =  I  3  - 

The  transformer  design  incorporates  short  (<A/4)  sections  of  co- 
planar  and  microstrip  lines  which  act  as  lumped  inductors  and  capacitors, 
respectively.  The  inductive  lines  are  501  coplanar  lines  terminated  by 
1..  microstrip,  with  L=Zci/v,  where  Zo  is  the  line  impedance,  <  the  line 
length,  and  v  the  propagation  velocity.  Capacitors  are  If;  and  0.51 
microstrip  either  terminated  by  50q  coplanar  or  used  as  open  parallel 
stubs.  The  capacitance  of  short,  open  lines  is  given  by  C=£/Z0v. 

Photolithographic  patterns  were  defined  as  4-level  masks  and  pro¬ 
duced  at  the  TRW  Microelectronics  Center  for  the  combined  dimensional 
and  impedance  transformer.  For  the  dimensions  and  tolerances  required, 
masks  were  fabricated  directly  at  the  reticle  level  in  an  Electromask 
pattern  generator.  Figure  4  shows  the  computer-generated  composite  of 
three  1  cm  x  2  cm  chips  which  will  be  fabricated  on  2"  silicon  wafers, 
.015"  thick.  Each  chip  has  2  coplanar  inputs  with  tapered  lines.  On 
one  chip  the  reduced  width  coplanar  line  couples  directly  through;  on 
the  second  chip,  transformers  from  each  end  are  connected  for  in-out 
transmission  measurements.  The  third  chip  has  each  coplanar  line  and 
transformer  terminated  with  a  matched  resistive  load.  Figure  5  is  an 
expanded  plot  of  the  transformer  and  terminating  resistor  on  the  third 
chip. 

The  transformers  were  fabricated  in  a  1  cm  x  2  cm  format  on  2" 
diameter  silicon  wafers  with  an  insutating  Si02  surface.  Three  test 
chips  are  produced  on  each  wafer.  Following  fabrication,  the  wafer 
was  cleaved  with  a  modified  Tempress  scriber  and  the  chips  mounted  in 
a  holder  suitable  for  connection  to  an  0SM  coaxial  bulkhead  launcher. 
Measurements  are  made  at  T=4k  with  an  HP-8410  Network  Analyzes.  The 
data  are  in  the  form  of  the  scattering  matrix  coefficients  S  j  j  and  S^. 
Only  the  magnitude  of  S  is  reported  since  the  phase  is  difficult  to 
cal ibrate  with  long  coaxial  lines  into  the  helium  dewar. 
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The  test  transformer  chips  are  mounted  with  a  coaxial  connector 
at  each  end  as  shown  in  Figure  6.  As  anticipated,  connecting  the 
coplanar  input  to  the  bulkhead  connector  was  a  significant  problem. 

An  acceptable  solution  is  to  use  In  solder  to  connect  gold  ribbon  from 
the  connector  center  pin  to  the  bulkhead  to  the  coplanar  lines.  To 
facilitate  soldering  to  the  Nb  film,  a  gold  film  is  evaporated  over  the 
Nb.  This  is  done  before  the  Nb  is  patterned.  Figure  7  shows  the 
response  of  the  simple  tapered  coplanar  lines  at  k  kelvin;  Figure  8,  the 
response  of  the  double-ended  transformer,  in  which  the  50n  coplanar  line 
is  transformed  to  In  microstrip  at  the  center  of  the  chip,  and  then 
transformed  back  to  50ft  coplanar  at  the  other  end  of  the  chip.  We  have 
not  measured  good  S-parameter  characteristics  with  the  terminated  trans¬ 
formers  and  we  attribute  this  to  a  problem  in  making  good  contact  with 
the  resistors. 

3.2  SQU I D  Ampi i f ier 

The  first  phase  parametric  amplifier  is  an  rf  SQUID  biased  at  a 
phase  of  tt/2  across  the  junction  and  driven  by  an  18GHz  pump.  The  SQUID 
was  designed  to  utilize  the  Nb/Nb20j./PbB  i  junctions  used  at  TRW.  The 
source  impedance  derived  by  /l/C  is  set  at  0.3 Q  such  that  the  In  trans¬ 
former  load  will  result  in  Q=3-  The  design  value*  are  selected  by 
setting  the  flux  quantum  energy  =  10  kT,  producing: 
l  =  5  pH 

C  =  65pF 

B  =  1 

ic  =  67uA 

jQ  =  9A/cm2 

Area  =  50  urn  x  1A.9  urn  =  7^5  urn2 

Masks  were  produced  at  the  TRW  Microelectronics  Center  using  an 
Appl icon  computer-aided-drafting  system  and  an  Electromask  Pattern 
Generator.  With  the  50pm  1 inewidths  required,  masks  were  produced 
directly  at  the  reticle.  Four  amplifier  chips  were  placed  on  each  2" 
diameter  silicon  wafer  (I  cip  x  2  cm  format),  encompassing  two  different 
amplifier  conf igurat ions.  Figure  9  is  a  computer  generated  composite 
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figure  6.  Photograph  of  transformer  test  chip  mounted  in  a 
brass  holder  and  connected  to  two  OSM  bulkhead  connectors. 
The  tapered  coplanar  lines  at  each  end  are  visible  in  the 
photograph.  The  grey  rectangle  in  the  center  of  the  chip 
is  anodized  Nb  covered  with  SiO.  The  transformers  are  loca¬ 
ted  in  the  same  rectangle  but  are  not  clearly  visible  in  the 
photograph. 
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Figure  7.  Response  of  50r.  tapered  coaxial  lines  on  silicon  substrate 
measured  at  4K.  The  upper  graph  shows  S,,  (and  $22)  4K;  the 

curve  is  S.,  at  300K.  The  lower  graph  is  S?.  at  4K. 
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Figure  8.  Response  of  the  double-ended  50n  to  In  transformers 
measured  at  4K.  The  upper  graph  is  Sj,  (and  S,,),  the  low-  is 


FIGURE  9.  Layout  of  six  masks  on  the  two  Inch  wafer.  The  upper 
two  chips  are  amplifiers  referred  to  as  SQP1;  the  lower  two  chips 
are  amplifiers  SQP2. 


of  the  multi-level  mask  set  for  the  four-chip  layout.  Each  chip  contains 
two  coplanar  line  inputs  along  the  center  line,  and  test  junctions  at  the 
top  and  bottom  of  the  chip. 

Two  different  configurations  of  the  amplifier  were  designed,  SQP  1 
and  SQP  2.  Figure  10  shows  the  enlarged  layout  of  SQP  1.  The  transformer 
input  to  the  SQUID  is  at  the  left;  the  pump  input  at  the  right.  Figure  11 
is  an  expanded  plot  of  the  six  masks  at  the  center  of  the  chip,  showing 
the  impedance  matched  signal  line  at  the  left  and  mismatched  pump  line  at 
the  right.  Both  the  microwave  pump  signal  and  the  dc  phase  bias  will  be 
supplied  by  the  coaxially  fed  pump  line. 

Figure  12  shows  the  layout  of  SQP  2.  This  chip  is  symmetric  with 
two  matching  transformers  (50ft  to  1ft)  connected  symmetrically  to  the  SQUID. 
The  SQUID  shown  in  Figure  13  is  two  inductive  sections  in  parallel  across 
the  1ft  microstripline.  Since  these  inductors  are  the  same  as  that  of  SQP 
1,  there  is  a  reduction  of  L  by  a  factor  of  two.  To  retain  the  same  value 
of  6(=1)  and  resonance  frequency,  the  junction  area  and  hence  ic  and  C 
are  doubled.  Also  the  Q  is  unchanged  in  this  configuration.  In  this 
configuration  we  can  operate  the  device  as  a  transmission  amplifier  with 
a  3dB  loss  in  gain.  The  pump  signal  is  injected  in  one  of  the  transformer 
inputs  with  a  subsequent  mismatch. 

3 . 3  Fabr icat ion 

The  amplifiers  were  fabricated  on  2"  silicon  wafers  using  Nb/Nb^^/PbB 
junctions  and  Pbln  interconnect  lines.  Nb  films  deposited  with  our  S-gun 
system  exhibit  Tc>9K  and  a  residual  resistance  ratio  -k.  The  junctions 
were  fabricated  by  react ive- ion-ox idat ion  followed  by  thermal  PbB i 
deposition  in  the  same  vacuum  system. 

Significant  problems  with  contact  resistance  and  junction  quality 
were  encountered  after  the  change  from  sapphire  to  silicon  substrates. 

This  was  done  to  permit  multi-chip  fabrication  and  to  eliminate  photo¬ 
resist  exposure  problems  at  the  edges  of  the  substrate.  Since  silicon 
is  more  fragile  than  sapphire,  samples  were  held  in  place  in  the  vacuum 
system  with  vacuum  grease  rather  than  rigid  clamping  brackets  for  heat 
sinking  and  mechanical  support.  This  tends  to  contaminate  the  front 
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surface  in  the  lift-off  process  following  deposition.  We  have  been 
successful  at  cleaning  with  hot  xylene  prior  to  the  acetone  lift-off, 
but  a  better  solution  is  still  being  sought. 

In  addition,  the  lack  of  in  vacuo  surface  cleaning  just  prior  to 
deposition  was  judged  to  be  another  source  of  contaminat ion.  This  was 
demonstrated  by  carrying  out  other  depositions  in  the  ion  gun  system. 
However,  this  approach  is  not  a  satisfactory  solution  since  the  vacuum 
system  is  not  equipped  for  multiple  component  depositions,  and  the 
deposition  of  other  than  PbB i  films  contaminates  the  vacuum  system  for 
junction  formation.  Consequently,  the  general  purpose  e-beam  evaporation 
system  was  modified  under  our  IR6D  program.  This  modification  entailed 
installation  of  an  rf  sputtering  system  on  which  the  substrates  are 
mounted.  In  this  configuration,  the  surfaces  are  sputter-cleaned  prior 
to  deposition.  Also,  the  ion-gun  system  is  prepared  with  a  PbB i 
deposition  prior  to  junction  formation,  providing  a  consistent  back¬ 
ground  for  react ive- ion-oxidat ion. 

Figure  Ik  is  a  photograph  of  a  SQUID  paramp  chip  before  mounting  in 
the  microwave  test  setup. 

3  ■  k  Anal ys  i  s 

Because  of  the  eventual  importance  of  the  noise  and  saturation  per¬ 
formance  of  the  parametric  amplifier  in  an  array  configuration,  we  have 
continued  with  numerical  analysis  of  noise  and  dynamic  range.  This 
analysis  will  be  reported  at  the  1982  Applied  Superconductivity  Conference 
and  submitted  for  publication  in  the  IEEE  Transactions  on  Magnetics.  A 
draft  of  that  publication  is  attached. 

The  result  of  the  calculations  are:  1)  the  nearly  degenerate  SQUID 
paramp  of  the  design  developed  here  has  a  constant  noise  temperature  Tq 
equal  to  the  device  termination  temperature;  2)  the  amplifier  response 
is  linear  to  several  percent  of  the  flux  quantum  energy;  3)  the  single 
SQUID  paramp  is  easily  saturated  by  broad-band  noise  if  that  noise  tem¬ 
perature  is  much  greater  than  10Tq;  k)  the  coherent  SQUID  array  paramp 
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has  the  same  noise  temperat ure  as  the  single  SQUID  parametric  jmplil  j<  r, 

indicating  that  tin-  array  of  N  SQUIDs  will  have  a  dynamic  range  N  times 

that  of  the  single  device.  Further  details  are  included  in  the  attached 

draft  of  "SQUID  Parametric  Amplifier," 

I n  conjunction  with  analysis  of  a  resistive  SQUID  voltage-controlled- 

oscillator,  we  have  observed  that  the  resistive  SQUID  biased  at  2.  ,  where 

o 

is  the  SQUID  LC  resonance  frequency,  will  oscillate  almost  exclusively 
at  -j/2  for  h=l  and  Q'-2.  This  can  be  viewed  as  a  degenerate  parametric 
oscillator  similar  to  that  predicted  for  the  SQUID  parametric  amplifier 
if  Q,-  J  j  ( Ap)  I  .  Thus,  it  appeared  very  likely  that  a  similar  low  noise 
amplifier  could  be  operated  with  a  self-pumped  resistive  SQUID.  Very 
recently  Calender,  et  a  I  have  reported  such  an  experiment  although  in  a 
non-degenerate  form  [j.  Appl  .  Phys.  9_3,  9093  (1982)].  We  have  proposed 
to  carry  out  specific  analysis  and  measurements  of  this  amplifier  next 
year . 

3 . 5  Measurements 

Tests  were  made  of  several  amplifiers  at  9GHz  using  a  cooled  x-band 
circulator  and  an  H-P  Spectrum  Analyzer  as  a  receiver.  No  useful  data 
was  obtained,  probably  because  of  poor  device  quality  as  discussed  above, 
and  the  poor  noise  figure  of  the  SA.  Just  at  the  completion  of  this 
year,  we  received  a  NARDA  low  noise  x-band  GaAs  FET  amplifier  to  provide 
improved  N.F.  and  also  increase  isolation  from  the  SA.  Measurements  of 
new  devices  will  proceed  in  the  next  quarter. 
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A.  CONCLUSIONS 

Several  fabrication  problems  have  been  resolved  and  we  expect  to 
provide  quantitative  measurements  next  year.  Analysis  of  noise  and 
dynamic  range  of  the  single  SQUID  and  SQUID  array  continue  to  indicate 
very  useful  application  of  the  SQUID  parametric  amplifier. 
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tes tract 

The  single  junction  SQUID  was  previously  shown 
by  analysis  and  simulation  to  be  an  attractive 
candidate  for  a  parametric  amplifier.  Further 
calculations  of  the  noise  and  saturation  behavior  of 
the  nearly  degenerate  parametric  amplifier  have  now 
been  performed  by  numerical  simulation.  These 
simulations  clearly  show  trot  the  amplifier  noise 
temperature  will  be  approximately  the  device 
twperature  T  ,  and  that  the  amplifier  will  be 
completely  saturated  in  the  presence  of  vdiite  noise 
characteristic  of  3Crro.  Signal  saturation  of^  the 
amplifier  also  occurs  for  an  output  pouer  10  f  /2L, 
strongly  limiting  the  dynamic  range.  However,  a 
coherent  array  of  !J  single  junction  SQUIEE  is  shewn  to 
have  a  signal  saturation  level  increased  by  N  relative 
to  a  single  SOLID,  with  no  increase  in  noise 
terperature,  resulting  in  an  N-fold  improvement  in 
dynamic  range. 

Introduction 

We  have  previously  shown1  that  the  single 
junction  (or  rf)  SQUID  is  an  attractive  candidate  for  a 
single  idler  parametric  amplifier  in  terms  of  gain, 
bandwidth,  and  phase  stability.  Furthermore,  a 
specific  linear  array  of  tightly  ooupled  SCUIQs  was 
shewn  to  support  a  stable  mode  identical  to  the  single 
SQUID  amplifier,  but  with  power  increased  by  N  and 
impedance  by  N/2,  where  N  is  the  number  of  SQUIDs  in 
the  array .  The  saturation  and  noise  behavior  of  such 
amplifiers  has  now  been  computed  and  gives  further 
support  to  the  use  of  the  SQUID  as  a  low  noise 
parametric  amplifier. 
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Figure  1.  Equivalent  circuit  of  the  externally 
pumped  SQUID  parametric  amplifier. 

•Spjportmd  by  the  Naval  Research  Laboratory,  Contract 
No.  M00014-81-C-249S. 

Mwuscript  received  November  30,  1982 


C&nsider  the  SQUID  of  Fig-  1  with  injjmtabwv  ~ 
and  a  Joseptison  tunneling  junction  with  cr:t»vi. 
current  I  and  capacitance  C.  For  fre-j^e:-  .ei  .a.-.; 
below  the  energy  gap  frequency,  we  neglect  trie  ir-err.i. 
quasiparticle  resistance  corpora.!  to  tiiv  Ion:  j... 

R.  Thus  configuration  obeys  the  J_m«au5it>r.lei.s  t*  j  -  .t .  •>■  . 

i  +  P  *fsin^  +?  “Lit) 


where  0  is  the  phase  of  the  Joseplisor.  j.u.t.uh, 
6»2ILI-A—  •  r  L/C/R.  time  is  meas_red  o.  ui.it  s  of 
uo_1=  ?l7E  an!  Elt)  =  I(t)/ic  where 

1(0  “  1o+1s°os  “s1  +  1paos  *  ' 

1Q,  Is,  and  1  represent  dc  bias,  sigrvd,  arc.  pun;, 
input  currents.  For  c=l,  r<0.5,  an  operating  pco'.t  set 
bye  “V2,  and  pumped  at  frequency  .  -2-  with  phase 
amplitude  approximately  v/4,  the  nfearly  degenerate 
SQUID  parametric  amplifier  has  high  gau.  a:ti  a 
gain-bandwidth  relation 

G(0)(  £u)2»  n2 

Optimum  bandwidth  occurs  for  a  loaded  0*1  A  =2. 

Successful  performance  of  parametric  amplifiers 
can  be  achieved  by  using  circuit  resonances  to  store 
idler  power  and  thereby  drive  the  system  away  from 
chaotic  or  marginally  stable  conditions.  The  bare 
Josephson  tunnel  junction  exhibits  a  small  signal 
plasma  resonance  which  has  been^  explored  for 
superconducting  amplifier  operation4.  No  useful 
device,  however,  has  resulted  from  either  an  uns. .unted 
single  junction  or  multiple  junctions  .  Ch  the  other 
hand,  the  low  8,  tunnel  junction  SQUID  has  a  shunt 
inductance  L  and  junction  capacitance  C  which  allow  a 
i well-defined,  large  sigral  resonance  to  occur.  This 
same  LC  resonance  can  be  preserved  even  in  a  large 
array  of  coupled  SQUIDs1.  This  closely  approximates 
the  classical  requirement  for  a  successful  amplifier. 
Furthermore,  for  the  SQUID  amplifier,  1  in  Eq.  (2)  is 
chosen  to  bias  the  junction  phase  0  at  m  / 2  where  time 
plasma  frequency  is  identically  zero-  Therefore,  the 
Josephson  plasma  resonance  is  not  involved  in  the 
operation  of  this  parametric  amplifier. 


Saturation 

The  gain  was  previously1  determined  from  both 
closed-form  analysis  and  numerical  simulations  in  the 
very  snail  signal  limut  in  the  absence  of  noise.  By 
increasing  the  signal  amplitude  in  the  corpjtei 
simulation,  the  large  signal  response  has  now  been 
calculated,  providing  estimates  of  both  linearity  and 
saturation.  Calculations  were  performed  for  i  «1  an! 
n«0.5  with  pump  amplitudes  IL“2.3  and  3.2, 
corresponding  to  a  small  signal  gain  of  10  and  15  dr>. 
respectively.  Figure  2  shows  the  ccrputed  idler  power 
as  a  function  of  input  signal  power  for  signal 
frequency  at  1.05:1^  (C  “2.8)  and  1.025f  (L  “3. 2 )  with 
no  noise  added.  The  normalization  of  tne  stgnal  input 

and  idler  pever  is  nf  „kT  ,  where  f  “-„/2r  and 

O  O  o  o 
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Ik 


frequency  of  the  IX  circuit. 


nkT  «;  V2L,  thk?  energy  of  one  flux  quantum  in  the 
SQU?D  inductance,  and  T  is  the  ope:  a  ting  torperature 
of  the  SQUID.  SQUID  arplifiers  fabricated  in  a  thin 
fii.ni  format  can  have  LtSxlO~12U,  oorres  periling  to 
rr  10  .  In  both  cases  plotted  in  Fig.  2,  gall) 
conpression  of  IdE  occurs  at  an  idler  power  -  10 
nf  kT  or  10'2f  *  72L.  Strong  saturation  in  the  idler 
oo?pu?  sets  in  about  3x10  r  f  2/2 L.  We  point  out  that 
the  idler  power  is  used  Hi?  test  gain  compression 
because  the  ccrputed  signal  pcver  in  a  two  terminal 
device  includes  both  the  input  and  output  powers. 
Frequency  separation  of  the  nearly  degenerate  idler 
makes  the  gain  corputation  more  straightforward. 

Strong  saturation  near  an  output  power  of 
dxiO'-'f  *  2/2L  is  expected  on  the  basis  of  the  flux 
modulatioR  model  of  the  SQUID.  Che  expects  strong 
saturation  in  output  power  below  the  level  of  the  pxmp 
power  ccnputed  as  f  ;_Z/L.  where  *  is  the  amplitude  of 
oscillatory  flux  in  the  SQUID  at?  tie  pimp  frequency. 
Hie  maximim  value  of  *  for  a  well  designed  amplifier 
with  8  “1  is  f  t  A ;  more  appropriate  values  sure 

« ^76.,  Thus,  Strong  saturation  is  expected  below 


!  Jb.. 

Cl  t  ‘/2L)/36,  in  good  agresnent  with  the  results  in 
Fig.  2. 


Noise 

in  practice,  the  noise  performance  will 
determine  if  these  gains  can  be  realized  and  ewer  what 
bandwidth  a  useful  dynamic  range  can  be  sustained.  The 
added  noise  tenperature  of  a  classical, 
nearly-degenerate,  high  gain  parametric  anplifier  is 
that  of  the  idler  termination.  While  the  SQUID 
parametric  anplifier  obeys  the  classical  equations  at 
very  «nall  signals,  the  nonlinearities  in  the  systen 
make  it  necessary  to  determine  the  noise  response  for  a 
wideband  anplifier.  We  have  performed  a  classical 
noise  calculation  to  determine  the  oentributiaji  of 
potential  noise  sources  such  as  pimp  noise J  or 
up>-conversion  noise  from  near  dc.  Piinp  noise  is 
expected  to  be  minimized  if  the  puip  amplitude  is  such 
that  i*  near  its  maxinun  value,  where  A.  is  tie 

fundamental  component  of  the  phase  response p  to  the 
pimp  .  Upccnversion  fran  very  law  frequencies  should 
be  ineffective  since  the  resulting  idlers  are  far  frctn 
the  signal  bard . 

The  calculation  was  performed  by  adding  a 
Johnson  noise  generator  in  the  load  resistance  R.  This 
has  the  effect  of  adding  broadband  noise  at  both  signal 
and  idler  ports  of  the  pararp  simultaneously.  The 
Buchelier-Wiener  process  was  used  to  simulate  the 


noise  with  discrete  time  intervals  i,  such  that  the 
cutoff  frequency  u :  “1/2 1  *3.2u .  It  is  anticipated 
that  this  noise  bandwidth  will  Include  all  significant 
noise  frequencies.  The  noise  process  is  generate)  by  a 
random  walk  in  the  phase  8  ,  which  has  a  Gaussian 
distribution  of  time  incranents  with  variance  c  ,  where 

U  /2«)2o2  -  4kT  RT. 
o  o 


Figure  3  displays  the  computed  ojt;>.;t 
tsiperature  as  a  function  of  T  for  the  sane  two 
anplifier  conditions  used  in  determining  tie  gam 
saturation,  £*2.8(10d£)  and  £,*3.2(15118).  Simula.-  t.. 
the  scale  in  Fig.  2,  the  unit  of  tempera*, .re 
measurement,  10"nT  .  relates  tenperature  to  trie  flax 
quantar.  energy  via  nTQw:  Z/21k.  Hie  calculated  output 
noise  tetperature  for  srael  inpxut  tenperature  indicates 
tliat  tlie  classical  result,  2Tq  x  gaiu.,  is  approxir.iv.  ly 
achieved.  ilowever ,  saturation  of  the  ciutri* 

tarperature  and  associated  bright  line  gain  csrpros=i or. 
exceed  that  anticipated  by  the  idler  performance  snow:, 
in  Fig.  2.  A  ccrparison  of  the  integrated  broadband 
outpxit  pxowor  to  the  narrcxwband  idler 'signal  powe: 
indicates  that  broadband  noise  can  more  easily  saturate 
the  amplifier. 

Based  on  the  results  shown  above,  t-.i  .  . 
SQUID  is  a  low  noise  amplifier  with  useful  but  limited 
dynamic  range  wduch  is  potentially  susceptil  !e  to 
broadband  noise  saturation.  The  utility  of  a  SQUID 
array  to  increase  the  total  operating  power  and  make 
impedance  matching  easier  would  be  limited  if  the 
output  noise  power  scales  with  the  number  of  SJL’IDs  as 
does  the  signal  power.  Therefore,  we  have  performed  a 
noise  calculation  on  the  array  similar  to  that  for  the 
single  SQUID.  In  calculations  and  simulations  cn  the 
array  per formance ,  each  SQUID  is  assumed  to  be  loaded 
with  a  resistance  R.  An  independent  Johnson  noise 
generator  writh  the  sane  cutoff  frequency  3.2.  and 
other  characteristics  as  that  used  for  the  single  uJUID 
was  added  to  each  resistor.  Thus,  each  SQUID  is 
independently  excited  by  thermal  noise-  Fran  the  array 
point-of-view,  the  uniform  mode  of  the  amlifier1  is 
excited  as  well  as  all  other  modes  which  lie  below  the 
cutoff  frequency.  As  a  result,  the  signal  and  idler 
ports  are  correctly  excited  by  noise  if  the  end  effects 
are  neglected.  Thus,  the  response  to  the  effects  of 
the  bath  tarperature  are  adequately  simulated,  although 


Figure  3.  Computed  output  noise  temperature  of  the 
SQUID  parametric  amplifier  as  a  function  of  the  input 
noise  temperature  for  the  same  two  pump  (gam)  con¬ 
ditions  ss  shown  jn  Fig.  2.  Noise  temperatures  are 
normalized  by  10  nT  ,  where  n  is  the  ratio  ol  the 
flux  quantum  energy  ?o  kT^. 
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Comments 


TABLE  I 

COMPUTED  NOISE  RESPONSE  OF  TOE 
SQUID  ARRAY  PARAMETRIC  AMPLIFIER 
Th4  output  noise  taoperatuxe  lor  4,  26,  And  32  SQUIDb 
normalized  to  that  of  a  a  ingle  SQUID  for  the  earn# 
pump  level  and  input  noise  temperature. 


ruMP 

level 

INPUT 

NOISE 

TEMPERATURE 

<io-Vr0) 

OUTPUT  NOISE  TEMPERATURE 

4 

JUNCTIONS 

16 

JUNCTIONS 

32 

JUNCTIONS 

Ep-2B 

10  <J8  GAIN 

i 

16 

15 

X 

66 

1  4 

12 

1  2 

264 

1  7 

2  1 

X 

106 

1.3 

25 

X 

Ep-32 

IS  dB  GAIN 

1 

08 

06 

09 

66 

18 

1  4 

X 

26  4 

X 

34 

X 

106 

X 

29 

X 

it  is  not  an  accurate  representation  of  a  broadband 
signal.  The  latter  distinction  does  not  exist  for  the 
Single  SQUID. 

Table  1  summarizes  the  calculated  output 
terperatures  for  arrays  of  4,  16,  and  32  junctions. 
The  results,  normalized  to  the  single  SOLID  case, 
clearly  demonstrate  that,  in  the  linear  response  range 
of  input  temperatures,  the  SQUID  arrays  exhibit  no 
excess  noise  over  tfat  for  the  single  SQUID.  At  time 
higher  temperatures  there  is  sane  evidence  of  noise 
increase.  Scatter  in  the  numbers  in  Table  I  reflects 
the  aocuracy  of  the  noise  calculations  rather  than 
significant  variations. 

This  result  means  that  an  array  of  N  single 
junction  SQUIDs,  operated  as  a  nearly  degenerate, 
externally  pumped  parametric  amplifier1,  will  have  the 
following  specifications  relative  to  the  single  SQUID 


par  amp: 

Gain  ■  1 

Bancfc/idth  -  1 

Impedance  «  N/2 

Saturation  Rwer  «  N 

Noise  Temperature  m  1. 


Since  the  array  responds  only  to  noise  in  the  uniform 
mode,  the  total  noise  paver  does  not  increase  vfriile  the 
signal  power  saturation  level  increases  as  M.  The 
excess  noise  temperature  of  the  nearly  degenerate  array 
amplifier  operating  at  4  Kelvin  is  4K,  assuming  the 
amplifier  load  is  also  at  4  Kelvin.  However,  the 
dynamic  range  is  limited  by  saturation  level  of 
10  ninf^kT  and  by  a  noise  floor  of  f_KTQ,  with  a 
resulting  dynamic  range  equal  to  10"Tta.  Reasonable 
values  of  the  ratio,  n*  (flux  quantum  energy/ thermal 
energy!  are  about  10  ,  with  a  maximum  value  of  105  set 
by  the  Josephson  penetration  lamgth  limit  on  junction 
size.  The  array  size  may  be  limited  by  uniformity  of 
Josephson  current  density  and  lithography,  by  parasitic 
capacitance  or  stray  fields,  or  by  impractical ly  high 
impedance.  Certainly  U  -10  -10J  should  be  realizable. 
Thus,  a  dynamic  range  at  least  10  ,  and  possibly  as 
high  as  10  ,  can  be  ccntempl ated  at  lOdB  gain  without 
addressing  new  problem  areas.  With  the  more 
conservative  value  of  10,  based  an  n*10  ,  t*»10  ,  the 
output  saturation  power  will  be  0.6gW  at  10GHz  (fow  at 
lOOGilz);  at  10  ,  saturation  power  will  be  6CQW  at  lOCkiz 
(600  j 4  at  lOOGliz) . 


CXie  further  note  about  related  measurements  on 
Josephson  parametric  arplifiers  and  chaotic  behavior. 
The  simulations  reported  here  and  in  Ref.  1  slow  that 
the  Josephson  junction,  when  incorporated  into  a  low  ;  , 
low  Q  SQUID  which  resonates  the  gunction  capacitance 
with  the  SQUID  inductance,  has  modes  of  operation  which 
are  predictable,  nan-chaotic,  aril  resporxi  linearly. 
However,  at  large  excitaticxis,  the  behavior  clearly 
becomes  nonlinear  with  strong  saturation,  Biilarmic 
generation,  and  other  unexpected  effects.  Calendar  . 
et  al  have  recently  reported  low  noise  tamperatures 
(=30K)  for  "shunted"  Josephson  tunnel  junctions  wtuc'r. 
were  self-pumped  via  internally  generated  Josephson 
oscillations.  These  devioes  were  in  fact  low 
inductance  "resistive"  SQUIDs  with  c  -factors 
approximately  2  and  4  for  the  lowest  noise  amplifiers. 
These  results  strongly  suggest  ttet  the  externally 
pumped  configuration  proposed  by  us  will  perform  as  a 
low  noi^e  amplifier.  Despite  the  suggestion  of 
Calander  ,  et  al  that  the  external  pu-p  is  a  source  of 
noise  rise  in  Josephson  par  amps,  only  circumstantial 
evidence  is  offered  that  this  is  the  case.  We  suggest 
that  low  noise  follows  from  the  low  e,  low  Q  SQUID 
configuration.  taalysis  of  the  resistive  SQUID 
oscillator®  slews  a  variety  of  instabilities  for  ever, 
modest  values  of  Q  or  6  ,  including  subharmoruc 
generation  and  anharmcnic  oscillations.  Not 
surprising,  the  general  rule  to  avoid  these 
instabilities  appears  to  be  Qr<2,  similar  to  tte 
requirement  to  avoid  subharmonic  generation  in  the 
externally  pumped  parametric  amplifier1.  Thus,  the 
internally  pmped  amplifier  should  be  qualitatively 
similar  to  the  externally  pumped  device  without 
flexibility  in  setting  the  puip  level  .although 
avoiding  the  need  for  a  separate  oscillator  and 
adjustment  for  both  the  oscillator  level  and  tlie  dc 
phase  value.  Furthermore,  a  method  of  generating  an 
internally  puiped  SQUID  array  amplifier  does  not  appear 
to  be  at  hand. 
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